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Abstract

To ensure stability for low-cost electronics used in direct contact with ionic solutions (such as 

electronic biosensors), electrodes are frequently passivated to protect against current leakage, 

which leads to corrosion. The epoxy-based polymer SU-8 yields favorable properties for 

passivation against ionic solutions. However, it is nearly universally patterned via cleanroom 

techniques, which increases device cost and fabrication complexity. Printing electronic 

components has been shown to be a viable approach for decreasing fabrication cost. Previous 

reports on SU-8 printing focus on the resultant printed structure, with little emphasis on its 

subsequent use as a passivation layer. Here, we demonstrate the printing of SU-8 with an 

aerosol jet printer using ultrasonic aerosolization. We show that SU-8 can be printed without 

reformulation, and that printed SU-8 is a viable passivation layer over conductive silver lines, 

when tested in ionic solutions. Extending the printed SU-8 film beyond the underlying conductive 

electrodes by 100 μm produced a six order of magnitude decrease in leakage current and resulted 

high stability over 20 voltage sweeps. Finally, we optimized post-printing cure time to 15 minutes 

at 160°C, which further minimized leakage current. While the development of low-cost, electronic 

biosensing devices has increasingly moved towards printing methods, the lack of a printed 

passivation strategy has hindered this transition. The advancements made in this study towards 

an aerosol jet printable SU-8 passivation layer provide useful progress towards a fully printed, 

stable electronic biosensing device.
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Introduction:

Point-of-care (POC) sensors allow for more detailed monitoring of medical conditions as 

they enable at-home and patient-guided measurement of biological signals, facilitating a 

growing market that is expected to be a 27.4 billion dollar industry by 2022 [1]. Compared 

to traditional laboratory tests, point-of-care tests eliminate lab turnaround time and enable 

more data-informed, patient-guided therapies [2]. Electrically transduced biosensors show 

promise as POC devices due to their high sensitivity, low cost, ease of use, and no 

requirement for analyte labeling [3]. There are two main types of electrically transduced 

biosensors: impedance-based and transistor-based. Both use biological recognition elements 

(such as an antibody or aptamer) and parlay the high transconductance of electrical 

components to make very sensitive biosensors. Impedance-based biosensors consist of an 

exposed electrode and measure change in impedance caused by the analyte binding to the 

biological recognition element [4], while transistor-based biosensors use analyte binding 

to gate the semiconducting channel of the transistor [5]. In both of these cases, electrical 

elements exposed to biological fluids often show drift in their electrical properties over time 

[6]. In addition, electrochemical reactions can cause corrosion and bubble formation [7], 

degrading sensor performance over time [8]. As most biosensors are tested by spiking in 

analytes in intervals, any drift in outputs during the spiking-in process complicates analysis 

and may cause inaccurate results.

To mitigate this drift in measured electrical response, electrically transduced biosensors 

are traditionally passivated, both to reduce leakage current from solution to the electrodes 

and to protect the sensors from the ions in the solution. Common passivation materials 

include compounds such as silicon nitride [9], silicon dioxide [9], and others [7,10]; and 

polymers such as PMMA [11,12] polyimide [13], parylene [14], and SU-8 [15-17]. Some 

combine both materials, theorizing that polymers and oxides block different pathways 

[13,18]. While oxides are more commonly used as dielectrics for transistors and thus 

CMOS-based biosensors [6], polymers allow for easy patterning, are generally considered 

better at excluding ions from solution [13], and are commonly used in thin-film transistors 

as they’re compatible with printing [19].

First formulated as a negative photoresist, SU-8 has become a common passivation layer 

for electrical biosensors [15-17,20], due to its low cost [21] and biocompatibility [22]. 

Named because it contains (on average) 8 epoxy groups per monomer, it forms a densely 

crosslinked network upon exposure to UV light that is resistant to chemical etching and 

degradation from mechanical stress, making it an ideal passivation layer for a low-cost 

and flexible biosensor [23]. While SU-8 has frequently been used in MEMS systems [21] 

and microfluidics [24], it is traditionally patterned via photolithography, which requires 

expensive photomasks and a cleanroom process, divorcing the cost of the final product from 

the materials cost of the SU-8 and increasing processing complexity [25].

Printing, specifically direct-write techniques such as inkjet and aerosol jet printing, has 

recently drawn considerable attention as a lower cost alternative to cleanroom methods, 

especially for large-area devices such as thin-film transistors [26].For disposable biosensors, 

which require very low costs to be economically feasible [25], printing all layers, including 
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the passivation layer, is especially favored as it has been demonstrated to adequately deposit 

each layer of a biosensor, including the fragile antibodies often used as detection elements 

[27], which may reduce fabrication complexity and cost. Aerosol jet printers, in particular, 

have drawn attention due to their ability to print smaller feature sizes than inkjet printers and 

a wider array of inks [28] without incidences of nozzle clogs [29]. Using ultrasonic energy, 

the atomizer drives the ink into a dense aerosol mist [30], and an inert gas sheath flow helps 

direct the mist out of the nozzle and towards the substrate. Aerosol jet printing has been 

used in a variety of applications, including sensors for pressure [31], prothrombin time [32], 

pH [33], and immunoassays [34]. SU-8 6000.5 has a viscosity of 2.5 cp [35], making it 

easily printable with an aerosol jet printer. SU-8 has been successfully printed with both 

inkjet printers [36-38] and aerosol jet printers [39]; however, in each of these previous 

experiments, only SU-8’s resultant structural properties were analyzed. Little emphasis has 

been placed on the ability of printed SU-8 to passivate electrical components. Additionally, 

for the previous aerosol jet study, the SU-8 was reformulated to make it printable.

In this study, SU-8 was printed, without reformulation, using an aerosol jet printer with 

ultrasonic atomization. We show that printed SU-8 can act as a passivation layer, yielding 

leakage currents of less than 100 pA, with the quality of the passivation being dependent 

on the width of printed SU-8 covering conducting electrodes. As very few papers report 

the long-term stability of their sensors [40], and because we believe that stability of the 

passivation layer may affect sensor stability, we analyzed the long-term (hours) stability 

of printed SU-8 and discovered that the film does not degrade significantly over time. 

Finally, we optimized hardbake times for passivation against ionic solutions and found that 

an extended hardbake time of 15 minutes minimized leakage current. We anticipate that this 

process can be used to help create fully printed biosensors, as the printing of this passivation 

layer had previously not been studied.

Materials and Methods

Materials:

Two different brands of silver nanoparticles (AgNP) were used for this study. Novacentrix 

Metalon JS-A221AE, a water-based silver ink, was used without alternation. UT Dots 

(UTDAg40X-30mL), a xylene-based silver ink, was mixed 9:1 (v/v) with α-terpinol to 

suppress the coffee-ring effect and reduce overspray. Su-8 6000.5 TF was acquired from 

Sigma-Aldrich and was kept in an amber room to avoid being accidentally exposed to UV 

light. Cyclopentanone (Beantown Chemical, >99%) was used to dilute the SU-8, as it is a 

solvent already present in the SU-8 (alongside gamma-butyrolactone).

Substrate Preparation:

Glass slides were used as substrates for each experiment. Before printing the first layer, 

slides were sonicated for at least 5 minutes in acetone before being rinsed with deionized 

(DI) water and dried with nitrogen.
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Aerosol-jet printing:

All printing was done with an Optomec Aerosol Jet Printer (AJ-300) with a 150 μm nozzle. 

For each ink, the glass vial was filled with 1 mL of ink and kept at a consistent temperature 

via a water bath.

• SU-8: Ink was kept at a constant temperature of 45°C to enable atomization, and 

the printer platen was left at room temperature, as preliminary tests showed that 

platen temperature was irrelevant. The ultrasonic atomizer was set to 420 mA. 

As rectangles in aerosol jet printing are created by printing many lines spaced 

closely together, the line spacing is a useful parameter because it influences 

how much ink is placed down. The line spacing used for the SU-8 is 50 μm 

(details at supplementary Fig. S1). To find good printing parameters, single lines 

and rectangles were printed at differing sheath flows, atomizer flows, and print 

speeds. After starting the sheath flow, we waited at least five minutes to allow 

coherent lines to form. Prints were sufficiently fast (≈2 minutes) that process 

drift should not have been a problem. After initial testing, we settled on a sheath 

flow of 20 sccm, an atomizer flow of 20 sccm, and a processing speed of 7 mm/s. 

Next, the SU-8 was softbaked at 65°C for 2 minutes and 95°C for 5 minutes and 

exposed to UV light (λ = 365 nm) for 30s at 1500 mJ/cm2. Finally, the SU-8 was 

hardbaked at 160°C for an hour (apart from the third set of experiments, where 

the hardbake time varied).

• Novacentrix AgNP: A sheath flow rate of 20 sccm, atomizer flow rate of 20 

sccm, ultrasonic atomizer current of 350-360 μA, and a processing speed of 

8 mm/s were used to print traces of width approximately 150 μm with a line 

spacing of 15 μm. Ink was kept at 20°C, and the platen was left at room 

temperature. Traces were then sintered at 200°C for an hour to yield conductive 

traces.

• UT Dots AgNP: Similar to the Novacentrix ink, silver traces of width 

approximately 150 μm with a line spacing of 15 μm were printed. A sheath 

flow rate of 25 sccm, atomizer flow rate of 20 sccm, ultrasonic atomizer current 

of 420 μA, and a processing speed of 7 mm/s were used. Ink was kept at 20°C, 

but the platen was raised to 60°C. Afterwards, the traces were sintered at 200°C 

for an hour to make them conductive.

Imaging:

All pictures were taken with a Zeiss Axio Lab A1.

Initial tests:

Glass slides were cleaned as listed above, and then SU-8 was then printed using the above 

parameters and imaged.

Width-dependent leakage test chip fabrication:

Glass slides used as substrates were cleaned as above. Novacentrix AgNP traces were 

printed as above. The traces were approximately 150 μm wide as determined by optical 
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microscopy, more than 0.7 cm long, and were spaced 1.3 mm apart. Lines were checked for 

conductivity using a source-measurement unit and non-conductive lines were rejected.

For this experiment, a 1:1 (v/v) mix of SU-8 and cyclopentanone was used and printed with 

parameters as above. Width of the SU-8 varied from being equal or slightly narrower than 

the underlying silver to extending 100 μm on each side. Slides were visually inspected and 

samples with visible holes in the SU-8 layer were rejected.

Hardbake time test chips:

Glass slides, used as substrates, were cleaned as above. UT Dots AgNP traces were printed 

as above, to the same dimensions as in the previous experiment. Lines were checked for 

conductivity and non-conductive lines were rejected.

Next, a layer of the adhesion promoter, P20, was spun atop the samples. Undiluted SU-8 was 

used in this experiment and was printed using the same parameters as above. The final width 

of SU-8 was approximately 350 μm. Finally, the slides were hardbaked for various lengths 

of time. Samples with visible holes in the SU-8 layer were removed from analysis.

Electrical measurements in ionic solutions:

A rubber gasket (0.7 cm on each side) was placed over each sample and filled with 100 μL 

of phosphate-buffered saline (PBS). Figure 2a shows a diagram of the printed pattern and 

the testing setup. All electrical measurements were taken with Keysight B2902A Precision 

Source/Measure Unit using a Signatone probe station. To avoid the silver delaminating, 

voltage was limited to between −0.5 to 0.5V. The voltage between the two printed silver 

lines was swept from −0.5V to 0.5V and then back from 0.5 to −0.5V, with 1000 data points 

for each direction, while the leakage current between the two lines was measured. Each 

sweep took about two minutes.

Results and Discussion

SU-8 Ink Development and Printing Parameters

The SU-8 was first optimized for aerosol jet printing. Aerosol jet printing is a direct-write 

fabrication technique that uses an inert nitrogen gas atomizer flow to propel aerosolized 

ink (Fig. 1a) from the ink vial to the printer head (Fig. 1b) for deposition directly onto 

a substrate as guided by a computer aided design (CAD) file that directs the x-y motor 

that controls the location of the printer head. While this method allows for printing of 

inks with a much wider viscosity range as compared to inkjet printing [28], multiple 

parameters must be tuned to enable printing of SU-8, which is a relatively low-viscosity 

ink, into coherent shapes. The positive pressure of the atomizer gas flow that guides the 

ink towards the surface must be balanced against the negative pressure of the sheath flow, 

which concentrates the ink towards the substrate surface and prohibits any contact between 

ink and nozzle side walls, prolonging possible printing times considerably as compared to 

inkjet printing [41].

Undiluted SU-8 TF 6000.5 can be directly printed with an aerosol jet printer forming neat 

lines with well-defined borders (Fig. 1c). Previous papers have started with a more viscous 
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formulations of SU-8, requiring them to dilute the SU-8 before printing. For example, 

Bernasconi et al. tested tetrahydrofuran, N-methyl-2-pyrrolidone, and cyclopentanone as 

possible solvents to dilute SU-8 2005 for inkjet printing [38]. Eckstein et al. diluted SU-8 

2025 in γ-butyrolactone and 3-heptanone to achieve a printable mixture [39]. Removing 

the dilution step simplifies the ink preparation, and diluting the ink may affect the 

polymerization process and resultant performance as a passivation layer. However, diluting 

the ink may improve line quality, so there are trade-offs to be made.

When deposition rates are insufficient, the aerosol jet print consists of only small errant 

droplets called overspray [28], instead of forming a uniform film (Fig. 1c). If the flow rates 

are too high, too much ink is printed down before solvent evaporation and the printed ink 

forms uneven bulges. It was found that a sheath flow of 20 sccm and an atomizer flow 

of 20 sccm produced a coherent line that had little overspray. The line width achieved 

is comparable to what was previously reported by Eckstein et al., who reported lines of 

approximately 60 μm width [39]; by properly controlling the printing speed we achieved line 

widths down to ≈60 μm while still maintaining a coherent deposition with limited overspray 

(supplementary Fig. S2).

While modifying the printer flow rates yielded some decrease in overspray, we investigated 

other methods to further decrease the arrant droplet deposition, and thus improve edge 

definition. Thinning the SU-8 with cyclopentanone (a solvent already present in the SU-8) 

was found to further reduce overspray, as seen in supplementary Fig. S3. Evaluation of 

dilutions from 10-100% revealed that an equal amount of cyclopentanone and SU-8 (v/v) 

minimizes the overspray while maintaining line integrity.

In addition to overspray, pinholes, especially near the edge, are a known issue for printed 

polymers when they are utilized as electrical insulators [26]. While excessive pinholing was 

not observed for the majority of our printed SU-8 traces, about 21% of our slides did have 

visible edge defects, and we removed these from further analysis. Further optimization is 

needed to eliminate pinholes from printed SU-8 passivation layers, which may be achieved 

through further optimization of the printing conditions or ink formulation.

Width-dependent Passivation

Next, we analyzed the ability of printed SU-8 to passivate electronic devices in ionic 

solutions. Traditionally, the thickness of the dielectric layer is the defining factor 

determining the efficacy of the passivation; however, as can be seen in Fig. 1c, additional 

deposition of the SU-8 does not increase the thickness of the print, merely the deposited 

width. To investigate the width-dependent passivation, we printed two traces of silver and 

covered one with SU-8 (Fig. 2a). To take electrical measurements, a rubber gasket (0.7 

cm on each side) was placed over each sample and filled with 100 μL of PBS (Fig. 2a). 

Using a source-measurement unit (SMU), which both applies a voltage and measures the 

current, the voltage between the two printed silver traces was swept from −0.5V to 0.5V and 

the resulting leakage current was measured. The leakage current was measured against the 

printed width of the SU-8 (i.e., the extent which the SU-8 covers the conductive electrodes). 

We chose to measure the total width of the SU-8 instead of the extension from each 

side because measuring the extension from the silver line is more error prone due to the 
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overspray from the silver, and because the width is what can be controlled more precisely 

than the extension (see inset images of Fig. 2(d,e) for examples). Additionally, width was 

investigated because thickness is a difficult parameter to control in a singular formulation 

of SU-8, given that added layers will redissolve previously printed, uncured layers. While 

curing each layer without removing the substrate from the printer is possible [38], it would 

complicate fabrication and risk clogs.

There is an inverse and log-linear correlation between leakage current and the printed width 

of the SU-8 passivation layer (Fig. 2c), with a small number of samples having widths 

greater than 300 μm measured at the lowest value the SMU could record (10−11 A). Given 

that the exposed area for each trace is approximately 0.0105 cm2, standardizing the leakage 

current for the exposed electrode area yields a leakage current of approximately 0.95 nA 

per cm2. Initially, we looked at the highest absolute value of the current across the voltage 

sweep range instead of simply measuring at a specific voltage. However, as some datasets 

have extreme outliers (supplementary Fig. S4), we chose to look at the 99.5th percentile 

to exclude these peaks, which we attribute to noise from the high measurement frequency 

utilized.

Each sweep test was performed 20 times to investigate the stability of the SU-8 (Fig. 2f). 

At very low leakage levels (10 pA with a width of 365 μm – as shown in Fig. 2d) the 

current is linear. For cases where the leakage current is higher, some curvature is visible, 

indicating more electrochemical reactions. At slightly higher leakage levels (Fig. 2f(ii)), 

increased noise is observed in the curve, which may indicate the movement of ions [13]. At 

the thinnest widths, where the SU-8 is approximately the same width as the silver (150 μm, 

Fig. 2e), the maximum leakage current hits the compliance current of the SMU (100 μA). 

The current peaks around ± 0.1 V, showing that the current is dominated by electrochemical 

reactions. While the leakage current increases after each sweep, the passivation does 

not degrade significantly after 20 sweeps (supplementary Fig. S5a). More than 2/3 of 

samples do not degrade more than 25-fold, although a few show hundred-fold degradation 

(supplementary Fig. S5b). Further investigation is required to understand the cause of the 

significant increase in leakage current over time for the small minority of samples. A stable 

reading over time is a pivotal aspect of biosensors as measurement of a specific analyte is 

typically dependent on a deviation from a baseline. If the baseline measurement drifts over 

time, it may be more difficult (or impossible) to obtain a quantitative measurement of the 

exact concentration of an analyte, either leading to a spurious measurement or relegating 

a device with a high temporal drift to qualitative measurements. Unfortunately, long-term 

degradation studies and temporal performance drift of passivation layers is typically not 

performed in the literature, making the information provided in these results of important 

insight to the field.

Unfortunately, while SU-8 is a commonly used passivation layer, little direct investigation 

has been performed on its ability to passivate. Other photoresists are sometimes used to 

passivate, and some have also been printed for structural purposes [42] and as the dielectric 

layer in capacitors [43], but we were unable to identify studies showing other photoresists 

printed as passivation layers. Hammond et al. show a leakage current of less than 120 pA 

with a significantly thicker (150 μm) layer of SU-8 applied via spincoating; however, this 
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is difficult to compare to our results without being able to standardize for electrode area. 

Meanwhile, Cooper et al. show microamp levels of leakage with an electrode of area 12.6 

cm2, a six order of magnitude increase in leakage current for an electrode four orders of 

magnitude larger than ours [44]; yet, again, direct comparison is difficult due to the vastly 

different electrode size and deposition methods. While the dielectric constant of SU-8 is 

relatively low [45], the ability to passivate against leakage current is associated more with 

the ability to exclude ions, and while proton diffusivity (a good proxy for ion diffusivity in 

general) can easily be found for oxides [46], it does not seem to be studied as much for 

polymers.

Hardbake Time Analysis

In addition to the width of SU-8, previous reports have demonstrated improved passivation 

layer performance through the modification of other parameters. For example, soft/hardbake 

times and temperatures have been explored to achieve even films that have improved 

mechanical properties [47] and thus do not delaminate or crack [48,49]. A hardbake is an 

extended period of heating after exposure of a resist that is intended to increase the crosslink 

density of the polymer, and hardbake time has been largely overlooked in investigations of 

resist-based passivation layers. Olziersky et al. demonstrated that hardbaking SU-8 increases 

its ability to passivate GaInZnO (GIZO) against air [23], but they only investigated a 

one-hour hardbake at 160°C. To examine the effect of hardbake time on ionic solution 

passivation, SU-8 films with the same width of ≈350 μm were printed and their ability to 

passivate electrodes was measured as a function of hardbake time. We found that a hardbake 

time of 15 minutes yielded the lowest leakage current, with leakage current increasing 

with any further time (Fig. 3a). These results indicate that the elevated temperature may 

have initiated some degradation in the polymeric structure that overwhelmed the passivation 

gains made from the increased crosslinking. Further investigation is required to examine the 

fundamental mechanism at the root of this degradation at longer hardbake times. As before, 

we measured the degradation of passivation over time, and did not find a distinct difference 

between this set of samples, which varied the hardbake time (Fig. 3c), and the previous set, 

which analyzed different widths.

Conclusion

Electronic biosensors frequently suffer from performance drift and degradation when 

exposed to biological fluids due to contact between electronic components and ions in the 

solution. SU-8 is commonly used to passivate electrodes against ionic solutions; however, 

it is currently patterned primarily with cleanroom techniques, which increases cost and 

complexity. We demonstrate that undiluted SU-8 can be aerosol-jet printed to produce 

well-defined, continuous lines that can be used to passivate against PBS. It was found that 

the extent that the SU-8 extends beyond the electrode plays a key role in the quality of 

the passivation and an extension of around 100 μm on each side was found to be ideal 

for covering printed Ag electrodes. A hardbake time of 15 min was determined to further 

improve the quality of the printed SU-8 passivation to an average peak leakage current of 1 

nA at 0.5 V. Biosensors are frequently used for longitudinal measurement and thus temporal 

degradation was investigated. Printed SU-8 shows some degradation in passivation ability 
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over time, although it is limited, with the majority being less than 25-fold. These findings 

demonstrate the ability to produce low-cost electronics for biosensing applications via the 

aerosol jet printing of both electronics and passivation layers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Aerosol-jet printing of SU-8. (a) Diagram of aerosol jet printing used in this work, including 

process flow: (i) glass slides were cleaned with acetone; (ii) silver nanoparticles were printed 

into traces and sintered at 200°C for an hour; (iii) SU-8 was printed to cover silver traces, 

softbaked, exposed to UV light, and hardbaked; and (iv) a rubber gasket was placed over 

the lines and filled with PBS for testing. (b) Illustration of how the protective sheath flow 

focuses the aerosol jet and reduces clogging during printing. (c) Undiluted SU-8 TF 6000.5 

can be printed, after adjusting sheath (SH) and atomizer (ATM) flows, into well-defined 

lines. All flow rates are given in standard cubic centimeters per minute (sccm).
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Figure 2: 
Width dependence of printed SU-8 passivation. (a) Schematic of leakage testing setup. A 

rubber gasket is used to encapsulate the testing area and is filled with 100 μL of PBS. 

Voltage was applied between the two silver leads and swept from −0.5 V to 0.5 V and 

back again. (b) Cross-sectional illustration showing SU-8 (yellow) coverage of printed Ag 

electrode (depicted in grey), with the variable SU-8 width indicated. (c) Initial leakage 

current (99.5th percentile) declines as the width of SU-8 increases. Insets: Top-view images 

showing examples of (d) 350 μm and (e) 150 μm wide SU-8 with aligned schematics 

showing the exact width and location and width of the printed Ag line in grey and the 

location and width of the SU08 passivation layer in yellow. (f) 20 sweep passes for indicated 

data points in (c), showing increased leakage over time (i.e., sweep number).
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Figure 3: 
Passivation dependence on hardbake time. (a) Geometric average of 99.5th percentile 

of leakage plotted against cure time; error bars represent geometric standard deviation. 

Measured after 10 sweeps, leakage current is lowest for a hardbake time of 15 minutes. 

Inset: (b) top-down diagram and photo of an example sample. (c) 99.5th percentile leakage 

current plotted against sweep count. Despite varying cure time, most chips show a similar 

increase in leakage current over time.
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